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Abstract 
One of the main problems in CSP (Concentrating Solar Power) technology is correctly evaluating the flux on the solar receiver. 
What we would like to know in a perfect world is how much energy each heliostat contributes at all times, and at what part of the 
receiver it aims. It has always been difficult to know this since there has not been a way to photograph all the heliostats in the 
solar field from the extremely hot receiver.  
Current methods use cameras located at a distance from the receiver panels to capture images of the heliostats, and then 
extrapolate the expected behavior of the heliostats during normal operation. Because the cameras are sensitive to heat, the 
number of heliostats that they can capture at one time is limited, and the data they capture is of heliostats aiming at locations 
other than the receiver itself. The information the cameras gather is processed offline, and does not give the current status in real 
time. To perform these measurements, the heliostats must stop fluxing on the receiver and flux on the cameras instead, which 
reduces the total available energy. 
BrightSource has created a new type of camera – the pinhole camera – that can be embedded inside the solar receiver’s high-
temperature environment where standard cameras cannot be installed. The proposed pinhole camera method embeds cameras 
inside the solar receiver in various locations. The pinhole camera captures images of the heliostats at all times, including during 
flux operations.  
Post-processing of the visual image allows us to precisely calculate the flux on the camera’s position, and the exact contribution 
of each individual heliostat at that position. By extrapolation, it is possible to estimate the flux map of the entire receiver. The 
data from each individual heliostat is also used to evaluate the heliostat’s behavior: the quality of its aiming, its cleanliness, 
reflectivity, and other parameters.  
This paper describes the pinhole camera hardware solution, and the method’s algorithm in a conceptual and qualitative manner.  
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1. Introduction 
Nomenclature 
CSP Concentrating Solar Power 
IR  Infrared 
SEDC Solar Energy Development Center 
VR Visual Range 
 
To achieve good control of the solar field flux, it is important to calculate the expected flux map as accurately as 
possible. There are many reasons why we cannot achieve the perfect, expected flux map in the real world. Clouds 
(full-opaque, semi-opaque) can shadow part of the solar field, torques on mirrors by wind can cause unpredicted 
aiming errors, soiling of mirrors influences their reflectivity, attenuation in flux can occur due to the air between 
mirrors and receiver, heliostat geometric models can contain inaccuracies, and more.  It is hard and actually 
impossible to measure or predict these real world parameters accurately, or their impact in real time. Thus, the goal 
becomes to get feedback about the actual flux at any given time. By comparing this to the expected flux, it is 
possible to correct our expected flux map and achieve improved flux on the receiver. 
Unfortunately, there is no way to directly measure the flux on the receiver. However, there are indirect methods 
that can be used. One is to look at the receiver using cameras (visual range (VR) cameras or infrared (IR) cameras). 
An IR camera implements temperature sensing of the receiver. A VR camera can measure the reflected flux from 
the receiver. The resulting temperature map (in the case of IR), and the reflected flux image (in the case of VR) can 
be indirectly translated into a flux map that is projected on the receiver. This translation is enabled by knowing 
additional receiver parameters such as reflectivity, absorptivity, and many others. Such methods can indeed provide 
feedback about the actual flux map, but since the resulting image includes blended data from many heliostats, it does 
not allow us to identify the particular behavior and contribution of each heliostat. In such a case, it does not provide 
enough information to fix the solar field aiming policy such that the actual flux map will be closer to the expected 
one. It is better to look at the heliostats themselves and see what their behavior is. 
Current methods based on cameras observing the solar field use cameras located at a distance from the receiver 
panels to capture images of the heliostats, and then extrapolate the expected behavior of the heliostats during normal 
operation. Because the cameras are sensitive to heat, the number of heliostats that they can capture at one time is 
limited, and the data they capture is of heliostats focusing on a location other than the receiver itself. The 
information they gather is processed offline, and does not give the current status in real-time. To perform these 
measurements, the heliostats are required to stop fluxing on the receiver and flux on the cameras instead, thus 
reducing the total available energy. To improve accuracy, we want to take images of the individual heliostats from 
the perspective of the receiver during operation. This means our camera will be exposed to the flux aimed on the 
receiver. This much flux will destroy any camera. Remember, we want to do this during normal operation to create a 
consistent feedback loop in the burner control. So our goal is to find a way to mount cameras that see the heliostats 
from the point of view of the receiver without suffering the problems of exposure to flux, and without interfering 
with receiver functionality (i.e., not blocking flux on the pipes). 
The pinhole camera method is based on the camera obscura concept developed 2500 years ago (see Fig. 1).  
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Fig. 1. Camera Obscura Concept as drawn by Leonardo da Vinci 
2. Solution hardware 
Using this well-known camera obscura approach, we devised a pinhole camera that can be installed inside the 
receiver. As shown in Fig. 2, the pinhole (1) is located in a small gap between receiver pipes (as shown in Fig. 3) on 
the receiver wall. A semi-transparent screen (2) captures the image, and a camera (mounted at 4) on the other side is 
able to capture the image projected on the screen. Although the camera enclosure is set back from the external wall 
of the receiver and insulated by the screen itself, additional required cooling is provided by a cooling unit (3). 
 
Fig. 2. Pinhole Camera Structure 
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Fig. 3. Embedding Pinhole Camera (Left-3D illustration, Right – view from above) 
The proposed pinhole camera method embeds cameras inside the solar receiver in various locations. As shown in 
Fig.4, a few cameras (marked in red color) are embedded inside the receiver to enable consistent coverage of the 
solar field. 
 
Fig. 4. Pinhole Camera Arrangement – view from above 
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3. Applications 
There are many applications serving the solar field control that can be implemented using the pinhole camera 
images, including: 
x Online estimation of solar field aiming accuracies of two types. Error variance estimation that can be used for 
better estimation of expected flux maps, and error bias estimation that can be used for better estimation of 
expected flux maps and for correcting the error bias. It is very hard to predict such errors, especially when they 
occur due to temporal conditions such as wind.  
x Estimation of a cloud shadowing map on the ground, and aiding the forecast of such shadowing maps for the near 
future. 
x Supporting a heliostat calibration system, and a potential alternative to that system. 
x Shortening solar field maintenance tasks such as fast detection of dirty mirrors, broken mirrors, etc. 
x In certain configurations, calculating an online flux map based on: 
x Estimation of hit location of each heliostat beam 
x Estimation of intensity of each heliostat beam 
x Combination and aggregation of the previous points for the entire field to calculate the flux map 
Two simulations of one of the above applications are presented on the following page. The first simulation 
illustrates how aiming error variance can be estimated from the images. In Fig. 5 and Fig. 6, we simulate how the 
solar field looks from the receiver’s point of view. Each heliostat is represented by a blue frame filled with white 
color (this can be clearly seen in the heliostats near the tower). In the middles of the frame, a colored circle 
represents the flux intensity contributed by the heliostat to the point of camera location. The colors vary between 
black and white (see the color bar). Black represents zero intensity; white represents maximum intensity (i.e., the 
full mirror area reflects the sunlight on the camera location). Fig. 5 shows a simulated image in the case of a small 
aiming error variance. Fig. 6 shows a simulated image in the case of a large aiming error variance. The difference 
between the images is clear. While in the first image the intensity looks smooth in terms of pieces, the intensity in 
the second one is much noisier. This fact can be exploited to estimate the error variance. 
 
 
Fig. 5. Small Aiming Error Variance 
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Fig. 6: Large Aiming Error Variance 
The second simulation illustrates how aiming error bias can be estimated from the images. The term error bias 
means that many heliostat in a large portion of the solar field have a correlated error. That is, their average error is 
not zero but larger (positive) or less than zero (negative). Fig. 7(A) shows a simulated image as expected when there 
is no aiming error bias. The image simulates the north part of the solar field.  Fig. 7(B) shows a simulated image in 
the case of aiming error bias of +2 mrad in the positive azimuth orientation. The difference between the images is 
clear. For example, when focusing on the region pointed to by the arrows, this region is darker in 7(A) than in 7(B). 
In 7(A), this region is dark since the heliostats belonging to this region are supposed to aim at a point located on the 
eastern side of the camera. Instead of that, due to the aiming error bias, the heliostats flux at the camera. This can be 
detected by observing that the intensity is brighter than expected. 
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Fig. 7. Aiming Error Bias Detection 
4. Experiments 
The system hardware prototypes have been tested at BrightSource Solar Energy Development Center (SEDC) for 
the last two years. The hardware was tested under operating conditions, and gave very promising results. The 
camera (#4 in Fig. 2) and the other components, withstood the high temperatures from the receiver, and did not 
exceed the maximal temperature allowed. The quality of the images captured by the camera was very good, and 
suitable for the applications previously described. Fig. 8 on the following page shows an actual image captured 
during operation at SEDC. As can be seen from the zoomed image on the right, the quality of the image is very high, 
and details of each heliostat are readily visible. 
 
Fig. 8. Real Pinhole Camera Image 
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5. Conclusions 
This paper illustrates how the pinhole camera developed by BrightSource can be embedded on the solar receiver, 
and can be used successfully in power plants. 
There is great potential for the pinhole camera method to provide in real time a detailed, large-scale picture of the 
entire solar field. This can significantly contribute to solar field control in order to improve its performance. Such an 
ability has yet to exist in traditional solar plant control systems. 
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